Gold nanoparticles (AuNPs) have been widely used as nanocarriers in drug delivery application. However, the binding mechanism between AuNPs and drug bases still remains a puzzle. Our study included: (i) optimization of three synthesis of the AuNPs-pemetrexed (PE) nanocomposites formation which was monitored by UV-Vis spectroscopy, (ii) identification of PE in gold nanocomposites and mechanism of PE interaction with gold nanoparticles by electrochemistry, NMR and Raman measurements, (iii) characterization of the three nanocomposites by TEM, DSL, ESL, zeta potential, XRPD and TGA analysis. The obtained nanocomposites are homogeneously shaped and have a maximum diameter of around 14 nm and 88 nm, as measured by the TEM and DSL techniques, respectively. The zeta potential of the nanocomposites is −43 mV and suggests a high stability of the nanoparticles and lower toxicity for the normal cells. Quantum chemical calculations were also performed on model systems to estimate the strength of the AuNPs-PE interaction. Taking into account the experimental and theoretical data a mechanism of the nanocomposites' formation has been proposed in which PE interacts with the gold surface by the COOH/COO -group.
Introduction
The interactions between drugs and AuNPs are one of the most interesting subjects of modern nanotechnology, giving rise to plenty of applications (Stolarczyk et al., 2004) . In particular AuNPs are attractive drug carriers because of their high tissue permeability, small size and high colloidal stability (Coelho et al., 2015; Harrison et al., 2016; Soanpet et al., 2016) . They can also be helpful in resolving of the problem of the lack of specificity in many anticancer drugs, such as capecitabine, cisplatin, paclitaxel, tamoxifen, doxorubicin, 5-fluorouracil, methotrexate. Drugs can be conjugated with nanoparticles via physical adsorption, ionic or covalent bonding. For example, doxorubicin (DOX), methotrexate (MTX) and 6-mercaptopurine (MP) were successfully loaded into the AuNPs by ionic interaction (DOX and MTX) and disulphide-covalent bond formation (MP) (Ghorbania and Hamishehkarc, 2017) . In order to maximize the targeting ability of the AuNPs, the loaded drugs should be released in a controllable and rapid manner at the site of the tumor. For this reason it is important to understand the character of the interactions between the drug and AuNPs.
Continuing our experimental research ) that addressed the basic knowledge of chemical and structural properties of organic-inorganic hybrid systems, we investigated the chemistry of the pemetrexed as a ligands for colloidal gold nanoparticles (AuNPs). Pemetrexed disodium, chemically known as N- [4-[2-(2-amino-4,7-dihydro-4-oxo-1H-pyrrolo[2,3-d] pyrimidin-5-yl)ethyl]benzoyl]-L-glutamic acid, disodium salt (PE, Scheme 1) primarily inhibits thymidylate synthase resulting in a decreased thymidine availability for the DNA synthesis. PE also inhibits dihydrofolate reductase and glycinamide ribonucleotide formyltransferase which are key enzymes required for the de novo bio-synthesis of thymidine and purine nucleotides (Paz-Ares et al., 2003; Eli Lilly, Canada Inc, 2004; Hanauske et al., 2001) . The therapeutic effect of PE is known to be limited, because it leads to toxic dose-related side effects, such as anemia, nausea, fatigue, diarrhea and stomatitis, due to the drug resistance of the tumor cells (Lu et al., 2016) . To avoid toxicity Lu et al. (Lu et al., 2016) established pemetrexedloaded PEG-Peptide-PCL nanoparticles that revealed anticancer and antimetastatic effects. According to our knowledge the synthesis of AuNPs-PE nanocomposites has not been described yet. Bessar et al. described AuNPs functionalized by sodium 3-mercapto-1-propansulfonate (Au-3MPS) as a promising carrier for methotrexate (MTX) (Bessar et al., 2016) . Some other works (Tran et al., 2013; Chen et al., 2007) pointed at AuNPs-MTX as an alternative drug formulation of MTX in cancer therapy. MTX, like PE, belongs to the group of folic acid antagonists.
In this paper we have developed a preparation of PE conjugated with AuNPs as three nanocomposites via a one-pot reduction method in an aqueous solution. It is multidisciplinary research for a complete characterization of new products. The obtained nanocomposites were fully characterized by UV-Vis, TEM, DLS, ELS, zeta-potential, XRPD and TGA techniques. The second objective of the present research was to discover what kind of the interaction occurs between the gold surface and PE. The research on the gold-PE binding sites was performed using electrochemistry as well as NMR and Raman techniques supported by theoretical calculations for medium-size models, using the density functional theory (DFT) combined with pseudopotentials for gold atoms.
Materials and methods

Chemicals and reagents
Pemetrexed (batch No. PRI/2007.02/8/14) was manufactured in Pharmaceutical Research Institute (PRI), Warsaw, Poland. Dimethyl sulfoxide (GC-headspace tested 99.9%) was purchased from Fluka and DMSO-d 6 from Sigma-Aldrich, Saint Louis, Missouri. PBS buffer-conc. was obtained from Syngen. HAuCl 4 • 3H 2 O and citric acid were purchased from Sigma Aldrich. Water used in this study was purified and deionized using the Polwater System D-300, Cracow, Poland.
UV-Vis spectroscopy
UV-Vis spectroscopic measurements were performed using a UV-Vis spectrophotometer, series Evolution 220 (Thermo Scientific, Waltham, MA) with a 1-cm quartz cell in the wavelength range from 220 to 750 nm.
Nuclear magnetic resonance (NMR) spectroscopy
The 1 H NMR spectra of three nanocomposites were performed using Varian Gemini-2000 and Bruker Advance 500 (Bruker Corporation, Billerica, Massachusetts) spectrometers with the resonance frequency of 200 ad 500 MHz, respectively. The sample was dissolved in deuterated DMSO-d 6 and water-d 2, where the residual signal of the solvent was simultaneously the internal standard of the chemical shift (2.49 and 4.67 ppm, respectively). Standard measurement parameters were used.
After NMR studies liquid nanocomposite samples were dried in a drying chamber at 30°C in aluminum sample holders, and then measured directly in a powder diffractometer and a Raman spectrometer.
Raman spectroscopy
The FT Raman spectra were recorded on a Nicolet NXR 9650 instrument (Thermo Scientific, Waltham, MA) using 1064 nm excitation from the Nd:YVO4 laser in the range from 3700 to 150 cm − 1 with the spectral resolution of 4 cm − 1
. For one spectrum from 300 to 2000 scans were recorded with the laser power from 0.1 to 0.8 W.
Transmission electron microscopy (TEM)
The TEM images of the AuNPs-PE nanocomposites were obtained using a TEM Zeiss LIBRA 120 (HT = 120 kV, LaB 6 cathode) apparatus (Germany). The samples for the TEM imagining were prepared by dropping the water solution of nanocomposites onto a formvare grit mesh 400, where the nanoparticles were left to dry in room temperature.
Dynamic light scattering (DLS) and electrophoretic light scattering (ELS)
The DLS and ELS were performed on a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). The specimens were diluted with ultrapure distilled water. The angle of the incident light was 173°. Each specimen underwent 5 measurements, then the mean size and zeta potential were calculated.
Electrochemical measurements
The differential pulse voltammograms were recorded in a threeelectrode arrangement including Ag/AgCl (KClsat.) as the reference electrode, a platinum foil counter electrode and a glassy carbon electrode (GCE, BASi) as the working electrode. All voltammetry experiments were carried out using an ECO Chemie Autolab potentiostat (Utrecht, The Netherlands) at 22 ± 2°C and all current densities were calculated using the geometric electrode area (0.071 cm 2 ). The voltammetric experiments were recorded in the deoxygenated PBS buffer solution pH 7.4 containing PE or AuNPs-PE nanocomposites.
Thermogravimetry (TGA) analysis
The TGA measurements were performed by means of a TGA/ SDTA851 cell (MettlerToledo GmbH, Schwerzenbach, Switzerland). About 0.2 mg and 0.5 mg of samples, were weighed into aluminum oxide crucibles (70 μL). The samples were heated from 30 to 1000°C at 10°C/min in the nitrogen atmosphere (60 mL/min). The measurements were blank curve corrected.
Powder X-ray diffraction (XRPD)
The diffractograms were recorded on a MiniFlex diffractometer (Rigaku Coporation, Tokyo, Japan) using CuKα1 radiation. The nanoparticles conjugated with PE, PE disodium and PE diacid samples were loaded on aluminum sample holders and their surfaces were smoothed by glass plates. The samples were measured at a sample rotation attachment with the spinning speed of 60 rpm. The instrument was operated in the range from 3 to 90°with the scan rate of 0.02°/min. The phase identification was performed by means of PDF-2 Database (PDF-2 Databases sets, Powder Diffraction File, 1997).
Computational methods -density functional theory calculations
The B3LYP/6-31G(d,p) method for H, C, N, O atoms was used together with the LanL2DZ effective core potential for Au atoms (Hay and Wadt, 1985a; Wadt and Hay, 1985; Hay and Wadt, 1985b) . All calculations were done with the Gaussian 09 program (Frisch, et al., 2013) . The geometry optimizations, harmonic frequencies and Raman activities were done with the codes implemented in the Gaussian 09 program. The Raman intensities were obtained using the formula derived from the intensity theory of Raman scattering (Krishnakumar et al., 2004; Polavarapu, 1990 ) and the laser beam excitation energy of 1064 nm. As a representative sample of the AuNPs a small size cluster of five gold atoms was chosen. Initially, at the beginning of the geometry optimization, the Au 5 geometry corresponded to the D 2h symmetry (Remacle and Kryachko, 2005) . In the Au 5 -PE binary conjugate the Au 5 cluster was placed in the vicinity of either the carboxyl groups or the deazaguanine moiety of PE. In order to simulate the effect of the variable pH of the experimental conditions three ionic states of the entire system were considered: neutral (charge 0), doubly ionized (charge 2 − ) and triply ionized state (charge 3 − ). After the optimal geometry was found the harmonic frequencies and Raman activities were calculated and transformed into the Raman intensities. The strength of the Au 5 -PE and Au 5 -citr model complexes was estimated in the form of the BE binding energy according to the formula:
where E denotes the calculated B3LYP energy, L = PE, citr, x = 0, −2, − 3.
Preparation of AuNPs-PE in water and in pH 7.4 -direct synthesis
The synthesis of the AuNPs-PE nanocomposites were carried out in distilled water (method I) and AuNPs-PBS-PE in PBS buffer (pH 7.4) (method II). Other steps of the synthesis were the same. The AuNPs-PE nanocomposites were prepared as follows: PE (1.0% m/v, 5 mL) was added with stirring to the HAuCl 4 •3H 2 O solution (10 mg, 95 mL) and heated to 100°C. During the stirring of the reaction mixture the color of the boiling solution changed from yellow through orange to brown or wine-brown. The solution was boiled for 40 min and cooled down to room temperature. Subsequently, the solution was centrifuged twice at 14000 rpm for 30 min and the precipitate was rinsed with water between each centrifugation. The mixture was centrifuged to separate the unadsorbed PE from the AuNPs-PE nanocomposites. Next, the precipitate of AuNPs-PE was centrifuged, separated and lyophilized. The efficiency of the precipitate's purification from free pemetrexed was controlled by capillary electrophoresis to obtain AuNPs-PE without free PE by using our universal CE method described in the new article .
Preparation of AuNPs-citr-PE -indirect synthesis
We have employed a classical and widely used Turkevich's synthesis (Turkevich et al., 1951) . The AuNPs were prepared from the reduction of chloroauric acid (Au 3 + , HAuCl 4 ) to neutral gold (Au 0 ) by sodium citrate. As a result AuNPs were obtained with a net negative charge coming from the citrate ions stabilizing the particles. HAuCl 4 ·3H 2 O (10 mg) was dissolved in distilled water (95 mL) and heated to 100°C with stirring. Next, citrate sodium 50 mg was dissolved in 5 mL of water. The citrate solution was added to the HAuCl 4 ·3H 2 O aqueous solution. The reaction mixture was stirred and the stirring was continued until the color of the boiling solution changed from yellow through pink to wine color, then the solution was boiled for 10 min and cooled down to room temperature. The AuNPs-citr-PE nanoparticles were prepared as follows: PE (1.0% m/v, 5 mL) was added to a colloidal gold solution (100 mL) (method III). The solution was then mixed and heated to 100°C with stirring for 30 min. Subsequently, the solution was centrifuged twice at 14000 rpm for 30 min and the precipitate was rinsed with water between each centrifugation. The mixture was centrifuged to separate the unadsorbed PE from the AuNPs-citr-PE conjugates and lyophilized as mentioned in the previous paragraph.
Results
The formation of three nanocomposites: AuNPs-PE, AuNPs-PBS-PE, AuNPs-citr-PE was monitored in terms of the color change and UV-Vis spectroscopy. Two absorption maxima were observed on the UV-Vis spectra of the AuNPs-PE and AuNPs-PBS-PE reaction mixtures at 532 and 425 nm as well as at 540 and 425 nm, respectively (Fig. S1) . The bands at 532 and 540 nm are derived from the formed nanocomposites, however, a higher band absorption was observed for the AuNPs-PBS-PE mixture. The second band comes from a competitive reaction to the formation of AuNPs-PE. An attempt to identify the second band was made. For this purpose the UV-Vis spectra of the mixture lyophilisates were performed prior to and following the reaction. It was observed that the band at about 425 nm is also present in the spectrum of the sample obtained immediately after mixing HAuCl 4 and PE. The AuNPs with citrates have a prominent surface plasmon band at about 519 nm (Fig. S2 ). The peak is shifted from 519 to 525 nm after PE adsorption. This red shift in the peak plasmon absorption is related to the change in the local dielectric constant around the AuNPs as a result of PE adsorption (Cumberland and Strouse, 2002) .
The aggregation was not observed during the purification and centrifugation, which was indicated by no changes in the UV-Vis maximum absorption band of the nanocomposites precipitate in comparison to the nanocomposites in the reaction mixture. Fig. 1 presents the characteristic SPRs of the nanocomposites precipitate under physiological conditions (PBS buffer pH 7.4) with the wavelengths varying between 525 and 540 nm depending on the kind of the synthesis used. The purification of the gold nanoparticles from the excess active substance was accompanied by their simultaneous purification from the unknown substance at 425 nm.
The particle size of AuNPs-PE, AuNPs-PBS-PE, AuNPs-citr-PE, their size distribution and stabilization of particles were determined by DLS, ELS and TEM. The results are given in Table 1 . It can be seen that the size of the nanocomposites in water is between 81.85 and 99.65 nm, as measured by the DSL. The zeta potential of the nanocomposites in water is from −33.2 to − 48.3 mV, which corresponds to the negatively charged gold nanoparticles. A high negative zeta potential corresponds to the repulsive interaction between nanoparticles aimed at preventing the agglomeration of gold nanoparticles, thus exhibiting excellent stability without a significant increase in size during the incubation period in water. The negative surface charge of the Au nanoparticle suspensions not only indicates high stability, but also suggests less toxicity to normal cells (Zhang et al., 2015) .
The morphology of the AuNPs core was studied by TEM microscopy (Fig. 2) . The histogram shows that the mean particle diameters are located in a fairly narrow range from 9 to 19 nm. It is slightly smaller Fig. 1 . UV-Vis spectra of the nanocomposites precipitates: AuNPs-citr-PE (black line), AuNPs-PBS-PE (blue line) and AuNPs-PE (red line) under physiological conditions (PBS buffer pH 7.4). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) European Journal of Pharmaceutical Sciences 109 (2017) 13-20 than the one obtained from the dynamic light scattering method, which is caused by the lack of the hydration shell during the TEM particle size determination (Zhang et al., 2015) . The maximum diameter of the nanocomposites occurs at 14 nm. The nanoparticles are roughly spherical and monodispersed. The shape of the AuNPs-citr-PE nanoparticles is an almost perfect ball shape and the AuNPs-PE and AuNPs-PBS-PE nanocomposites do not have such a ball shape. The amount of PE (or the sum of PE and citric acid in the case of AuNPs-citr-PE) on the AuNPs surface and the thermal properties of the nanocomposites were measured using the thermogravimetric analysis (Fig. 3) . The PE amount calculated from the TGA curve is 34.1% and 24.6% (m/m) for AuNPs-PE and AuNPs-PBS-PE respectively. The sum of PE and citric acid amounts calculated from the TGA curve is 18.3% for AuNPs-citr-PE.
Diffractograms of three nanocomposites are compared in Fig. 4 . The Au diffraction peaks are best visible. The HWHM values of the Au (111) peak at 38.18°(PDF no. 04-0784) are similar for each sample and equal about 0.2°. Apart from the Au diffraction peaks the Na 3 OCl phase (PDF no. 41-115) is detected in all samples. The NaCl phase (PDF no. 05-0628) is detected only in the AuNPs-PBS-PE sample. It is supposed that the Na 3 OCl phase is present in the amorphous content in the lyophilized mixtures before and after the reaction (Fig. S3 ) and crystallizes during drying of the liquid AuNPs-PE sample.
Geometry and the binding energy of model conjugates were obtained using the B3LYP theoretical method. All geometries studied here in the form of the Cartesian XYZ coordinates are available in SI (−) groups are more beneficial than the ones coordinated by a deazaguanine fragment. It is also interesting that the citrate ion as a ligand of the goals cluster binds stronger than PE. The 1 H NMR spectra of the nanocomposites were measured. Comparative spectra were obtained with the signals at approx. 10. 6, 10.1, 8.4, 7.8, 7.3, 6.3, 6 .0, 4.3, 2.9, 2.3 and 2.0 ppm. This matches very well with the data obtained for pemetrexed, where the following signals were obtained: 10.6 (1H, NH), 10.1 (1H, NH), 8.5 (1H, NH), 7.8 (2H, 15), 7.3 (2H, 14), 6.3 (1H, 6), 6.0 (2H, NH 2 ), 4.4 (1H, 19), 2.9 (4H, 11,12), 2.3 (2H, 21) and 2.0 (2H, 20) ppm. This comparison clearly shows that in the tested nanocomposites there are particles of pemetrexed present. Certain changes in the spectra were noticed for the AuNPs-citr-PE. There appeared additional signals from the CH 2 group of the citrate. Fig. 5 shows the comparison of the experimental spectra of PE diacid and AuNPs-PE, as well as the calculated spectra of the corresponding model systems. The AuNPs-PE experimental spectrum differs from the PE diacid experimental spectrum and is characterized by broad bands suggesting an amorphous character of the active substance. The calculated model spectra should reflect only qualitatively essential changes upon binding of PE to the gold nanoparticle surface. An advantage of the present modeling is that one can visualize normal modes corresponding to intensive Raman peaks and attempt to correlate them with certain experimental peaks. Between the calculated and experimental spectra some bands shifts are observed, but the character of the spectra is similar and allows the comparison. The comparison shows that in the AuNPs-PE experimental spectrum the first broad band Fig. 2 . TEM image and histogram of (A) AuNPs-PE, (B) AuNPs-PBS-PE, (C) AuNPs-citr-PE particle size distribution.
E.U. Stolarczyk et al. European Journal of Pharmaceutical Sciences 109 (2017) 13-20 at about 1669 cm − 1 originates from the C]O stretching vibrations (from the COOH group). The shift of the C]O stretching vibrations into lower wavenumbers can be assigned to the interactions with the AuNPs. The main bands coming from the phenyl ring, as well as the NeH and CeH deformation vibrations are indentified in the AuNPs-PE experimental spectrum. Following the theoretical calculations one can expect a significant intensity increase of the band at about 1430 cm − 1 originating from the interactions of the COOH group and AuNPs. In the AuNPs-PE experimental spectrum the band at about 1384 cm − 1 can be assigned to such an interaction. Similar changes in the nanoparticle formation are observed for the AuNPs-PBS-PE experimental spectrum. One can assign the 1389 cm − 1 band to the COOH-Au interaction (Fig. S5) .
The comparison of AuNPs-citr-PE, PE diacid and citric acid experimental spectra with AuNPs-citr and citric acid calculated spectra is presented in Fig. S6 . Between the experimental and calculated spectra there are some similarities which allow the comparison. In the AuNPscitr-PE experimental spectrum a broad band at about 1671 cm − 1 comes from the C]O stretching vibrations (from the COOH group). The shift of the C]O band into lower wavenumbers can be assigned to the PE interactions with AuNPs. The main bands coming from the phenyl ring, the NeH and CeH deformation vibrations are indentified in the AuNPscitr-PE experimental spectrum. It is worth noticing that the band at about 1539 cm − 1 is the one most shifted into higher wavenumbers in comparison to the AuNPs-PE and AuNP-PBS-PE spectra. Theoretical model calculations of the AuNPs-citr-PE indicate a significant intensity increase of the band at about 1400 cm − 1 coming from the interactions of the COOH group and the Au 5 cluster. Unfortunately, such a band is not observed in the AuNPs-citr-PE experimental spectrum. It is supposed then that the lack of such a band can be a consequence of significant band broadening that prevents identification. The Raman spectra comparison of three nanocomposites are presented in Fig. S7 . In order to confirm the formation of the gold nanoparticles modified with PE, voltammetric experiments were first performed for the drug dissolved in the PBS buffer at pH 7.4, using a glassy carbon electrode (GCE). The differential pulse voltammetry (DPV) curve was recorded in the PBS buffer, pH 7.4 containing 2 μM PE in the range 0.2 to 0.9 V vs. Ag/AgCl (KClsat) starting from 0.2 V (Fig. 6) . On the DPV voltammogram only one irreversible oxidation peak of PE could easily be resolved at the potential of +0.43 V. This single irreversible oxidation peak correspond to the oxidation indole rings in the PE as was described in literature (Somers et al., 2004; Malfoy and Reynaud, 1980; Hu and Dryhurst, 1997; Goyal et al., 1998; Brabec and Mornstein, 1980 ). An electrochemical oxidation mechanism for indole derivatives, involved all oxidation steps, was proposed and explained in detail by OliveiraBrett et al. (Enache and Oliveira-Brett, 2011a ). The electrochemical results obtained clearly showed that the first step in the oxidation of the indole derivatives with a substituent at C6 position occurs at the pyrrole ring. This peak corresponding to the electrochemical reaction involving the transfer of one electron indicates a mechanism involving chemical deprotonation of an indole oxidation product. Next, differential pulse voltammograms (DPV) in the range 0.2 to 0.9 V vs. Ag/AgCl (KClsat) were recorded for three different samples of gold nanoparticles modified with PE in the solution containing only the supporting electrolyte (Fig. 6) . For all these nanocomposites on the DPV voltammograms only one irreversible oxidation peak could easily be resolved at the potential of + 0.43 V, at similar potentials as in the case of pemetrexed in the solution. This confirms effective modification of the nanoparticles with the drug for all our synthesis of gold nanoparticles modified with PE. In our experiments the oxidation peaks decreased in the repetitive DPV scans, which reflects the contribution of the adsorption of the pemetrexed oxidation products on the electrode surface. E.U. Stolarczyk et al. European Journal of Pharmaceutical Sciences 109 (2017) 13-20 
Discussion
We have developed simple methods for a direct synthesis of AuNPs conjugated with PE in water (method I), in a PBS solution pH 7.4 (method II) and by way of an indirect synthesis in a citrate solution (method III). Water-soluble gold nanoparticles (AuNPs) were prepared as a result of one-step reduction of a gold salt aqueous solution with pemetrexed and with sodium citrate, then in the presence of pemetrexed as capping ligands. Pemetrexed has a negative net charge in experimental conditions due to the presence of the carboxylic acid groups with the pKa values of 3.8, 4.8 and the guanidinic N-1 on the pterine ring of pKa 5.3 (Assessment report EMA/523246/2016, n.d.). In creating AuNPs-PE and AuNPs-PBS-PE pemetrexed acted as both reducer and stabilizer, in which case the reduction of gold to gold nanoparticles is linked to PE oxidation. In the AuNPs-PE and AuNPs-PBS-PE nanocomposites pemetrexed proved to be an efficient ligand for the Au 3 + ions, forming a stable chelating ring. As a consequence of the complexation, a redox reaction occurs, and the chelated Au 3 + ions are reduced to the Au 0 atoms in situ, while the C6eH moiety of pemetrexed is probably simultaneously oxidized to the corresponding C6]O moiety in a way similar to the oxidation of indoles (Enache and Oliveira-Brett, 2011b) . A similar mechanism of PE oxidation/reduction can be inferred from our electrochemical studies. On the basis of the electrochemical study we can propose the oxidation mechanism of PE and reduction of Au 3 + as shown in Scheme 2.
Taking into account broad literature on the synthesis of citrate gold nanoparticles and its mechanism proposed in the work of Schultz et al. (Schulz et al., 2014) , one can postulate that also in the formation of AuNPs-citr-PE nanocomposites citriate sodium is responsible for both the synthesis and stabilization of the AuNPs.
Characteristic SPRs of three nanocomposites with the wavelengths varying between 525 and 540 nm (Fig. 1) depend on the kind of synthesis and the size of gold nanoparticles. Difficulties in developing the method for the direct synthesis of the AuNPs-PE nanocomposite result probably from the formation of the Au 3 + -PE complex prior to the formation of nanoparticles. The 425 nm band originates from the Au 3 + -PE complex (Fig. S1 ) and is present in the course of the formation of the nanoparticles responsible for an additional band in the 540-532 nm region. We have observed a concurrent formation of the Au 3 + -PE complex and nanoparticles in our study and established that at higher . DPV voltammograms (pulse amplitude 50 mV, pulse width 50 ms, potential step 16 mV) recorded using GCE electrodes in deoxygenated PBS solutions at pH 7.4 (green dashed dotted line) background without PE, (red long dashed line) with 2 μM PE and (purple solid line) AuNPs-PE nanocomposite, (blue dotted line) AuNPs-citr-PE nanocomposite, (black short dashed line) AuNPs-PBS-PE nanocomposite transferred to the pure supporting electrolyte. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) pH (pH 7.4) the efficiency to form gold nanoparticles is increased as opposed to the complex formation. The band derived from the complex appears immediately after mixing the substrates, so still in the mixture prior to the reaction. Direct synthesis is conducted at about pH 5.0 when only carboxyl groups are dissociated (pKa1 = 3.5, pKa2 = 4.8). This increased efficiency to form gold nanoparticles at higher pH in the PBS solution (pH 7.4) can be explained by proton dissociation at N-1(pKa3 guanidinic N-1 on the pterine ring = 5.3) or generally a by bigger negative charge. A similar mechanism of the nitrogen's (here N-1) interaction with the gold surface during gold nanoparticles formation was observed for deazaguanine, widely described in literature (Zhang et al., 2013; Avakumova et al., 2013) . For PE, which has a more complicated structure and two additional dissociated carboxyl groups undergoing dissociation, no changes were observed in the region of nitrogen atoms from the ring in the NMR spectra. Also the calculation methods showed no such interactions to be energetically beneficient. Taking the above into account one might assume that the increased efficiency of the AuNPs-PE formation as opposed to the formation of the complex at higher pH results from a generally bigger negative charge on the particles in a higher pH.
The presence of AuNPs was proved by powder diffraction. These studies have also shown that the powder diffraction technique is very sensitive for the identification of inorganic residues in nanocomposites. However, the identification of the active substance by means of powder diffraction was impossible due to its amorphous character.
Our spectroscopic studies have shown that PE can form a direct conjugate with gold through carboxyl groups (−COOH) creating a nanocomposite (AuNPs-PE). The Raman spectra of the nanocomposites show a broad band at about 1670 cm − 1 derived from the C = O ⋯Au interactions, which indicates a significant shift towards lower wavenumbers in relation to free PE. According to the DFT model calculations a significant intensity increase is predicted at about 1420 cm − 1 coming from the COOH ⋯Au interactions. The counterpart of this band is observed in the experimental spectra of AuNPs-PE and AuNPs-PBS-PE. The presence of the NeH deformation vibration in the Raman spectrum of AuNPs-citr-PE indicates the presence of PE in the sample. The above results suggest that PE interacts with gold via COOH groups. Our studies do not meet the results obtained by Ngoc Thi Thanh Tran et al. (2013) for the MTX-AuNPs. On the basis of the interpretation of IR and SERS spectra of free MTX and MTX-AuNPs, in the quoted article the authors suggest that gold nanoparticles interact with MTX via the Au:N bond. However, they do not exclude the existence of the interactions between Au and the COOH group. Our studies also show that PE can be conjugated with citriate gold nanoparticles. Citrates serve as reductors then, so PE does not undergo oxidation. Signals from both citrates and PE are visible on the NMR spectra. Moreover, the band coming from the NeH deformation vibration is visible in the Raman spectrum. This band also reveals the biggest shift towards higher wavenumbers in comparison to the AuNPs-PE and AuNPs-PBS-PE nanocomposites.
To determine the character of Au-PE binding, interpretations of the 1 H NMR spectra of the nanocomposites and pure pemetrexed were very helpful. It was found that the 1 H spectra of PE and AuNPs-PE are corresponding. The formation of the Au-PE bond does not cause visible changes in the proton chemical shifts. This may indicate that the Au-PE binding is formed by the carboxyl group which is poorly resolved in the proton NMR. This conclusion is supported by the theoretical model calculation that also points to the AuNPs-PE bonding through one of the carboxyl groups. It is believed that the relative molecular energies of various model Au-PE conjugates will reflect the relative stability of the real PE conjugated with AuNPs. Also, the changes of peak positions in the Raman simulated spectra of the nanocomposites are helpful in understanding of the changes observed in the experimental spectra. The comparison of the cluster energies where Au 5 is located close to the guanine ring N10, N6 or carboxyl groups suggests that the interaction of gold with carboxyl groups is probably more advantageous. Based on the DFT calculations of molecular energies of the model Au 5 -PE conjugates it is predicted that PE should be coordinated by the gold surface through the carboxyl group being either neutral (as COOH) or anionic (− COO (−) ). Only one carboxyl group is likely to interact with gold. The other carboxyl group forms hydrogen bonds with the nitrogens from the deazaguanine ring. The Au 5 cluster coordinates the [citr] (3 −) anion much stronger than [PE] (3 −) anion. A hypothetical replacement of [citr] (3 −)
ligands by [PE] (3 −) ligands does not seem to occur. As a consequence, the AuNPs ⋯citr ⋯PE adduct should contain the PE residue joined to the citr ligand rather than directly to the AuNPs surface.
Conclusions
In this article three methods of the AuNPs-PE nanocomposites synthesis were described. The synthesis is one-pot, simple, clean and inexpensive. The mechanism of PE binding to the AuNPs core was proposed via the COOH/COO -group. The obtained nanocomposites are characterized by a high negative zeta potential from − 33 to − 48 mV which can suggest their high stability in water and lower toxicity for the normal cells which is an advantage of the AuNPs-PE nanocomposites as a potential new formulation. It is supposed that a small size of the AuNPs, from 9 to 19 nm, could enable their higher tissue permeability into tumor cells. These features of the AuNPs-PE could improve the Scheme 2. Proposed mechanism of the PE oxidation and Au 3 + reduction, R = 4-(((S)-1,5-dioxopentan-2-yl)carbamoyl)phenethyl.
therapeutic effect of PE. The three nanocomposites were characterized in terms of particle size, surface charge, morphology, drug loading and identity by several techniques, including transmission electron microscopy, zeta potential, dynamic light scattering, electrochemistry, UV-Vis, TGA, XRPD, 1 H NMR and Raman spectroscopy. The interaction of PE with gold nanoparticles was studied by 1 H NMR and Raman spectroscopy supported by the density functional theory (DFT) model calculations.
